Abstract-A MDL-based control method for tele-robotic systems over internet is presented in this paper. Internet-based tele-robotic systems are characterized by the fact that the operator and the remote robotic system are connected by Internet. Since limited bandwidth, random time delay and other transmission problems deteriorate performance of tele-robotic systems severely, control strategies which can be used to settle transmission problems are expected. The obvious characteristic of the new method introduced in this paper is that control commands have a linguistic flavor, data transferred between operator and remote robot can be reduced accordingly. The framework presented in this paper has the potential of reducing operator's working pressure and enhancing the performance of the system. Furthermore, the existing motion description language modal is expanded to deal with the packet loss and disorder problem. The main contribution of this paper is the development of a novel framework for tele-robotics and its implementation in a real tele-manipulator system.
INTRODUCTION
Nowdays, teleoperation systems are used in many fields of science and economy, such as nuclear power stations, outer space exploration, medicine, etc [1] . The growth of the Internet opens a new stage for teleoperated systems. Internet is less expensive, more publicly available and does not require specialized hardware. However, random time delay, packet loss, network buffering effects and disconnections in the Internet's best-effort service model present major difficulties for Internet based teleoperation.
Various control strategies have been put forward to deal with time delay and other problems brought by Internet. In master-slave strategies, a human operator manipulates a master device to operate a slave robot in a remote environment and it is desired that the operator and the environment are kinesthetically coupled [2] . For this purpose, the slave robot is controlled completely by the operator and control commands are usually a set of data act as the settle values to robot actuators. At the same time, Feedback streams, such as video, audio, and any other type of perception are quantified, transmitted to the operator in an effort to obtain as much information as possible. As a result, network bandwidth is almost expended. Although collaborative control strategies [3] can reduce communication traffic, they bring down the impact of the operator, and can only be designed by experience. Generally, commands of control strategies take the form of macros that are not flexible to describe tasks at hand.
It is noticed that the Internet has limited bandwidth, random time delay, package loss and other characteristics which deteriorate performance of Internet based teleoperation systems and that most robots have certain autonomous ability, rather than a pure actuator. There should be a strategy that can be used to distribute computational and communication resources reasonably in particular tele-robotic system. On one hand, data transferred between the human operator and the robot should be reduced since the less the amount of data transferred, the less infection brought by the random time delay of Internet [4] . On the other hand, control commands should be expressive so that these commands can be used to describe any complex motion performed by the robot. To be more explicit, consider controlling a vehicle on Mars from a base station on earth. It is not a good idea to send continuous commands specifying the movement at each time spot, because of the time delay and limited communication capacity. It is preferable to transmit high-level discrete commands such as "move", "turn", "stop", or composite commands such as "avoid the rock". Along this line Brockett defined a language called Motion Description Language (MDL), [5] . Later, Krishnaprasad extended MDL to extended Motion Description Language (MDLe) [6] .
In this paper, the framework based on MDL for network based tele-robotic systems is presented. Of particular importance is that we provide a general method for defining motion atoms. Furthermore, the existing MDL model is expanded to settle the package loss and disorder problem of the Internet. The paper is organized as follows: section II introduces the framework of network based tele-robotic system based on MDL. The general method which is used to define motion atoms is presented in section III. We also show the way in which particular motion atom is derived from the general method. Section IV presents the experimental results on the proposed MDL-based method. Conclusions and future works are summarized in section V.
II. FRAMEWORK FOR INTERNET-BASED TELE-ROBOTIC SYSTEMS BASED ON MOTION DESCRIPTION LANGUAGE
Since the Internet is noisy and unreliable, frameworks that require fewer instructions are to prefer. This means robotic systems working in remote environment receive control commands only on several time spot. As a result, network resources can be saved on for other use. Meanwhile, human operator can also be brought out of the closed-loop control and working pressure is reduced accordingly. As a parameterized language, MDL provide much flexibility in controlling robotic system compared with collaborative control strategies. In view of those considerations, the framework is illustrated in Fig. 1 . In Fig. 1 represent Internet's forward and backward time delay respectively. Since motion commands are abstract symbols, MDL interpreter takes the role of accepting motion atoms at a lower frequency and executing it at a higher, fixed frequency. It is obvious that as long as the robot is equipped with an MDL interpreter, a single motion program can be executed on robots with different hardware. In this framework the robot can be described as ,
where u , x , y and v are vector-valued functions of time, G is a matrix, h and k are maps between vector spaces. If the remote robot receives motion atom sequence 1  1  1  2  2  2 , , ,1 , , ,2 , , ,
t , then state x of remote robot will evolve according to
where i t denotes time spot at which remote robot receives the atom , , ,
T G represents the time interval during which the corresponding atom is executed. G is a function defined on the output space, ^:
III. MOTION ATOMS FOR TELE-ROBOTIC SYSTEMS
will be executed continuously when 0 i G y , otherwise, remote robot will execute the next atom, i is the sequence number that is used to cope with disorder and packet loss of Internet. Furthermore, the introduction of function i G helps to maintain remote robot in stable state and protect it from dangerous situation. As a result, the linguistic control method has the ability to settle the limited bandwidth, random time delay, packet loss and disorder problem of Internet. Subsequently, the general method which can be used to define motion atoms will be provided. Moreover, several motion atoms which are derived from the method and will be used in object grasping experiment are also introduced.
A. General Method for Defining Motion Atoms
Robot's behavior can be described by the trajectory it tracks. Given a curved line in posture space of the robot , , , , , . , , , , ,
x is on this curve, (3) must be satisfied, i.e. 0.
Expanding (4) 
Orthogonally decomposing G x in (5), we have
where
Integrating (5) and (6), we get 0.
where † represents the generalized inverse matrix. Therefore, to guarantee G x x is on curve (3), movement G & x should be performed in the normal directions of the curve while G A x represents the movement in the tangential direction.
On the other hand, robot's motion can be described as
where T J T represents robot's jacobian. As in (7), (10) can be orthogonally decomposed as
.
Integrating (8) and (11), (9) and (12), we get † 1
where [ & and [ A are coefficients. In (13), & u is the closedloop control which is used to correct the trajectory. While A u in (14) is the open-loop control which serves as the setting value.
B. Definition of Motion Atoms Used in Tele-Grasping
In this subsection, we will derive several motion atoms from the general method introduced above. These atoms describe the elementary motion which can be composed to generate complex behavior. Four atoms introduced here describe end-effector's straight line motion, arc motion, spiral motion and rotation about a fixed axis respectively. It should be noticed that all of these atoms are defined in the end-effector coordinates.
x Atom 
Integrating (16) and (14), (18) 
G is a interrupt function that tells the robot when , x x and the radius is r , the arc curve can be described as 1  1  2  3  2   2  2  2  2  1  2  3  1  1 0  3  3 0 , , , 0,0,0 , , ,0,0, 0 .
Since tangent vector on point 1 3 , 0, 
Integrating (20) with (14), (21) with (13), we get 
IV. EXPERIMENTS

A. Experimental Setup
To compare the MDL based method with traditional, we have constructed a tele-robotic system as depicted in Fig. 2 . For comparison, the hardware system is the same. The whole system consists of a client system, a slave robot, and a video transmitting computer which is used to transmitting video streams from two cameras to the human operator. The client system presents a GUI for the human operator, by which the operator can upload commands to the remote robot and get video information from the visual sensor, as illustrated in Fig. 3  (a) . A PHANTOM Omni is selected as the master system. The slave robot is a 6-DOF industrial robot which is a typical robotic system and is widely equipped in industry and laboratories, as depicted in Fig. 3 (b) . The robot controller runs on a PC platform under QNX real-time operating system. For transmission of control data and image, the Internet-based UDP protocol is used. Since both client system and robotic system are located at Shenyang Institute of Automation, an intermediate note which is at Shijiazhuang Railway Institute is adopted to simulate the network environment. Both control data and feedback information will pass through that note. 
B. Tasks in the Experiment
In Fig. 4 . E represents the point at which the object is initially located, S represents the starting point of the endeffector, and F is the expected point at which the object should be located. The remote robot is controlled to move from point S to E, pick the object and take it to point F, place it and return to the starting point. During this process, the remote robot should avoid the obstacle O. In view of the same task, we will compare the proposed linguistic control method with traditional method.
C. Experimental Results and Discussion x Traditional Control Method
In this method, we provide the remote robot with velocity command through master device. Video streams are transmitted to the operator through the VIC. Figs. 5 though 7 show experimental results of the traditional control method. Fig.  5 and 6 present end-effector's poison and trajectory in world frame respectively. Fig. 7 gives linear velocity of the endeffector in world frame.
x Proposed Linguistic Control Method
The pick and place task can be accomplished by a motion sequence which include straight line motion, spiral motion, grasping, arc motion, placement and straight line motion etc.. This process can be described by atom sequence is used to adjust the end-effector's position relative to point E and F respectively. In this method, we give symbolic commands through master device and the GUI. Results are shown in Fig. 8 through 11 . Fig. 8 and 9 give the end-effector's poison and trajectory in world frame. End-effector's linear velocity is shown in Fig. 10 . Fig. 11 gives joints' angle of the remote robot.
From Fig. 6 and 9, we note that the trajectory of the endeffector change acutely in the traditional control method. This is because the operator is in the control loop and all actions of the operator would be transformed into corresponding commands. Compared with traditional method, the trajectory of the end-effector is smoother. Furthermore, control commands transmitted to the robot are reduced compared with the traditional method. As a result, chance for data infection is reduced and the robot behaves smoothly which can also be seen from Fig. 10 . We also note that in the proposed control method, the operator is not required to be anxious all the time, thus reduce the operator's pressure accordingly. Although time interval for the linguistic control method is longer than traditional method, the reason is that the robot's maximum velocity is set to be at a low value. 
V. CONCLUSION
In this paper, we presented a novel linguistic control framework for Internet-based tele-robotic systems. In this method, control commands take the form of parameterized language. Data transferred between the human operator and the remote robot has been reduced. At the same time, human operators can also be brought out of the closed-control loop, they are not required to be anxious all the time. It should be noted that since commands are in the form of parameterized language, they can be used to control remote robot to generate complex behaviors. Pick and place experiment has shown good performance of the proposed method compared with traditional method. Future works will focus on the human-machine interface design in this linguistic control framework.
